[1] Ozone profiles are derived from back scattered radiance spectra in the ultraviolet (289-339 nm) measured by the Global Ozone Monitoring Experiment (GOME) using the optimal estimation technique. Tropospheric Column Ozone (TCO) is directly derived using the known tropopause to divide the stratosphere and troposphere. To optimize the retrieval and improve the fitting precision needed for tropospheric ozone, we perform extensive wavelength and radiometric calibrations and improve forward model inputs. The a priori influence of retrieved TCO is $15% in the tropics and increases to $50% at high latitudes. The dominant error terms are the smoothing errors, instrumental randomnoise errors, and systematic temperature errors. We compare our GOME retrievals with Earth-Probe Total Ozone Mapping Spectrometer (TOMS) Total column Ozone (TO), Dobson/Brewer (DB) TO, and ozonesonde TCO at 33 World Ozone and Ultraviolet Radiation Data Centre (WOUDC) stations between 71°S and 75°N during 1996-1999. The mean biases with TOMS and DB TO are within 6 DU (2%, 1 DU = 2.69 Â 10 16 molecules cm
Introduction
[2] The global distribution of vertical ozone profiles is essential to understand the physical and chemical processes in the atmosphere, track stratospheric ozone depletion and tropospheric pollution, improve forecasting the Ultraviolet (UV) index, and estimate climate forcing from ozone. Since the late 1970s, the global distribution of Total column Ozone (TO) has been routinely monitored from Total Ozone Mapping Spectrometer (TOMS), Solar Backscattered Ultraviolet (SBUV), and SBUV/2 instruments. Because SBUV and SBUV/2 measure backscattered radiances at 12 wavelengths with band widths of $1.1 nm from 252 to 340 nm, vertical ozone information can be derived in the stratosphere above $25 km [Bhartia et al., 1996] . The Global Ozone Monitoring Experiment (GOME) was launched in 1995 on the European Space Agency's (ESA) second Earth Remote Sensing (ERS-2) satellite to measure backscattered radiance spectra from the Earth's atmosphere in the wavelength range of 240 -790 nm [ESA, 1995] . Observations with moderate spectral resolution of 0.2 -0.4 nm and high signal to noise ratio in the Hartley (200-320 nm), , and Chappuis (400 -700 nm) bands make it possible to retrieve the vertical distribution of ozone in the stratosphere as well as in the troposphere .
[3] In recent years, several algorithms have been developed to retrieve ozone profiles from GOME data [Munro et al., 1998; Hoogen et al., 1999; Hasekamp and Landgraf, 2001; van der A et al., 2002; Müller et al., 2003] . Except for the statistical neural network approach by Müller et al. [2003] , the other algorithms are physically based and require minimizing the differences between radiances simulated with radiative transfer models and measured radiances. Among the physically-based algorithms, Hasekamp and Landgraf [2001] use Phillips-Tikhonov regularization, which does not need climatological a priori profile information but uses the first-derivative of the profile with respect to altitude to constrain the solution; the other three algorithms are based on the Optimal Estimation (OE) inversion technique [Rodgers, 2000] , which requires a priori climatology to stabilize and regularize the solution. Ozone profile retrievals from GOME spectra require better wavelength and radiometric calibration of measurements than trace gas slant column retrievals [van der A et al., 2002] . Because ozone information is contained in several GOME bands, consistent calibration across different bands is critical in the retrieval. Each of the physically-based algorithms either uses only subsets of the spectral pixels from 265 to 340 nm or performs empirical corrections to GOME radiance spectra, indicating calibration problems in GOME data as well as the importance of calibrations.
[4] High fitting precision (e.g., <0.3% or better) is needed to extract useful tropospheric ozone information from the temperature-dependent Huggins bands Munro et al., 1998 ]. In addition to radiometric and wavelength calibrations to GOME level-1 data, accurate modeling of the atmosphere, including Ring effect, clouds, aerosols, and temperature profiles, and the high-quality ozone cross sections, is very important in order to reduce the fitting residuals. The accuracy of the temperature profiles used will directly affect the spectral fitting in the Huggins bands. Tropospheric UV-absorbing aerosols such as dust and carbonaceous aerosols from biomass burning have been found to affect the retrieved TOMS TO by up to 10% [Torres and Bhartia, 1999] and also affect the ozone profile retrievals from radiance spectra. Incorrect assignment of cloud information (e.g., cloud fraction, cloud-top pressure) will affect the retrieved TO and tropospheric ozone, as demonstrated by a number of studies [Thompson et al., 1993; Hsu et al., 1997; Koelemeijer and Stammes, 1999; Newchurch et al., 2001; Liu et al., 2003 Liu et al., , 2004 . The Ring effect, the filling-in of solar Fraunhofer lines and telluric absorption structures in the UV/visible due to inelastic Rotational Raman Scattering (RRS) by N 2 and O 2 molecules, is an important source of interference that must be properly taken into account in trace gas retrievals from remote sensing radiance spectra [Chance and Spurr, 1997; Vountas et al., 1998; Sioris and Evans, 2000] .
[5] In this study, we perform detailed wavelength and radiometric calibrations on GOME level-1 data, improve the forward model inputs to radiative transfer simulations, and derive ozone profiles and Tropospheric Column Ozone (TCO) from GOME sun-normalized ultraviolet radiances with the OE technique. We validate our retrievals against TOMS and Dobson/Brewer (DB) TO measurements, ozonesonde TCO and Stratospheric Aerosol and Gas Experiment II (SAGE-II) profiles. The paper is organized as follows. Section 2 describes the GOME data and the correlative data used for intercomparison. In section 3, we give a detailed description of the ozone profile retrieval algorithm, retrieval characterization, and error analysis. Section 4 shows examples of retrieved ozone profiles and global distribution of TCO. In section 5, we present the comparison with correlative measurements, which also serves to assess the accuracy of our retrievals. Section 6 summarizes this study.
Instruments and Data

GOME
[6] ERS-2 is a near-polar sun-synchronous orbit satellite with a mean local equator crossing time of 10:30 am. GOME, on board ERS-2, is a nadir-viewing spectrometer that measures radiances in four continuous bands (i.e., 237 -315 nm, 312-406 nm, 397 -609 nm, and 576-794 nm) . Under normal operation, the GOME instrument, scans across track from east ($À30°) to west ($30°) and back with a swath of 960 km, so that global coverage is achieved in three days in the equator. One nominal scan cycle of GOME lasts 6 s, 4.5 s for the forward scan and 1.5 s for the back scan; the forward scan consists of three pixels each with an area of 320 Â 40 km 2 and the back scan consists of one pixel with an area of 960 Â 40 km 2 . Because of the large dynamical range of the signal in band 1, it is divided into two sub-bands (i.e., bands 1a and 1b) at 307 nm before 6 June 1998 and at 283 nm afterwards. The integration time for band 1a is 12 s, corresponding to 8 band-1b or band-2 pixels [ESA, 1995] . Because ozone profile retrievals use measurements in both bands 1 and 2, 8 pixels of measurements in bands 1b and 2 are co-added to match the band 1a measurements. Therefore, the spatial resolution of our retrievals is normally 960 Â 80 km 2 . In addition to radiance spectra, GOME measures direct solar irradiance via a Sun view mirror and diffuser plate on a daily basis [ESA, 1995] . The solar irradiance spectrum, measured on the same day, is used to normalize the measured earthshine radiance spectra.
[7] To validate the retrievals against TOMS, DB, and ozonesonde, we collocate GOME data with ozonesonde measurements (±1.5°latitude and ±12.5°longitude) at 33 selected stations (see Table 1 and section 2.2) during 1996-1999. To validate against SAGE-II retrievals, we use the GOME data during 1996 -1999. We use version 2.0 GOME Data Processor (GDP) extraction software [DLR, 2002] , including all standard corrections (e.g., leakage current, stray light, polarization, degradation).
Other Data
[8] Ozonesonde data during 1996 -1999 from 33 stations ( Figure 1 and Table 1 ) are used to validate GOME TCO. For a global validation, we include stations from the far north (e.g., Resolute, 74.7°N) to the far south (e.g., Neumayer, 70.7°S) with at least one station in each 10°-latitude band between 80°N-80°S. Data was primarily obtained from World Ozone and Ultraviolet Data Center (WOUDC, http:// www.woudc.org). Some data unavailable or incomplete at WOUDC are directly obtained from the data originators (see Table 1 ). The measurements were made with three types of ozonesonde (Table 1) . Ozonesonde techniques have different precisions, accuracies, and sources of errors. The Jülich Ozone Sonde Intercomparison Experiment (JOSIE) showed that measurements with different types of ozonesondes are typically within 10-20% with respect to the accurate UV photometer measurements and it was found that the precision of electrochemical concentration cell sondes is 5%, better than those of Brewer Mast and carbon iodine sondes (10 -15%) [WMO, 1998 ]. The SHADOZ measurement precision is also estimated to be ±5% [Thompson et al., 2003a]. Because each sonde launched is essentially a new instrument, it is difficult to evaluate the accuracy of ozonesonde observations as a whole [Thompson et al., 2003a] .
[9] Nineteen of the 33 ozonesonde stations have DB TO measurements archived at WOUDC (Figure 1 and Table 1 ). The accuracy of well-calibrated DB measurements is estimated to be 3% or better [Basher, 1982; Kerr et al., 1988; Kerr and McElroy, 1995] . For TOMS TO measurements, we use level-3 Earth-Probe (EP) TOMS data (http:// toms.gsfc.nasa.gov), reprocessed with the recent TOMS Version-8 (V8) algorithm [Bhartia and Wellemeyer, 2002] and gridded in 1.25°longitude Â 1°latitude bins. Labow et al. [2004] validated TOMS V8 data against ground-bases TO data and found the mean agreement is usually within 3%. For SAGE-II ozone profiles, we use the version 6.2 data above $15 km during 1996 . Wang et al. [2002 assessed the quality of SAGE-II version 6.1 ozone data and found the mean agreement between SAGE-II and ozonesondes is within 10% down to 15 km. Version 6.2 data are similar to version 6.1 data with differences usually <0.5% (http://www-sage2.larc.nasa.gov).
Algorithm Description
Introduction to Inversion Technique
[10] We use the well-known OE technique to invert sunnormalized radiance spectra and derive ozone profiles. We review some of the basics here; readers are referred to Rodgers [2000] for more details. The idea of non-linear OE is to simultaneously and iteratively minimize the difference between measured and simulated radiances and the difference between retrieved (X) and a priori (X a ) state vectors, constrained with measurement error covariance matrix (S y ) and the a priori covariance matrix (S a ). The cost function c 2 can be written:
where X i+1 and X i are the current and previous state vectors, respectively; Y is the measurement vector; R is the forward model and R(X i ) are the simulated radiances with X i ; K i is the weighting function matrix, defined as @R/@X i . S y is generally assumed diagonal without correlation between adjacent measurements. The a posterior solution is given as:
[11] The keys to retrievals are to accurately calibrate the measurements, to accurately simulate measurements, and to have good knowledge of measurement errors and the a priori covariance matrix.
Wavelength and Radiometric Calibrations
[12] Knowledge of instrumental line shape is important for convolving high-resolution spectroscopic cross sections to the GOME resolution and performing wavelength calibrations. Siddans [2003] found that errors in the slit function can cause large errors in the retrieved tropospheric ozone. Chance [1998] found that using Gaussian slit functions can reduce fitting residuals than using GOME preflight slit measurements (parabolic), so we also assume Gaussian slit function. Using other slit functions (i.e., symmetric/asymmetric voigt, asymmetric Gaussian) does not improve the retrieval. The Gaussian slit width is determined using a non-linear least squares technique based on an well-calibrated (wavelength positions accurate to 0.002 nm and 0.0001 nm below and above 305 nm, respectively) high-resolution solar reference spectrum [Chance, 1998] . GOME slit widths vary substantially with wavelength, especially in the Huggins bands [Siddans, 2003; M. van Roozendael, personal communication, 2003] . To account for variable slit widths in GOME measurements, we pre-fit the slit widths over a range of 21 spectral pixels in 5-pixel increments. Figure 2 (solid circles) shows an example of the derived slit widths in 288-342 nm. The slit widths show large variation at the end of band 1 (before $312 nm) and at the beginning of band 2 (after $312 nm). In our retrievals, we derive the slit widths for each solar irradiance spectrum and interpolate the slit widths for radiance/irradiance wavelength calibrations, the convolution of high resolution cross sections, and the undersampling correction.
[13] Before normalizing the radiances with irradiances, their wavelength positions need to be properly aligned; misalignment is due to the Doppler effect and other shifts (e.g., thermally-induced). Variable wavelength shifts for both radiances and irradiances relative to the accuratelycalibrated solar reference spectrum are determined over a range of 15 spectral pixels in 3-pixel increments. Figure 2 also shows an example of the pre-fitted wavelength shifts for both solar irradiances (solid line) and radiances (dashed line) in 288-342 nm. Large shifts occur at the end of band 1 and at the beginning of band 2 and several large fluctuating structures occur between 314 -325 nm. In the retrieval, we further fit the derived shifts with a 3rd-order polynomial. Using smoothed wavelength shifts improves the retrieval and reduces the fitting residual by $15%. The large fluctuating structures, especially in the Huggins bands, may be caused by residual ozone absorption structures in the high-resolution reference spectrum, errors in the slit function, or the use of slit shape different from the assumed Gaussian shape. In addition to pre-calibrations before the retrievals, we fit the relative wavelength shifts between radiance and irradiance as part of the ozone profile retrieval with a 3rd-order polynomial. We also fit the shifts between all the trace gas cross section spectra and the measured radiance spectrum in the retrieval.
[14] According to the Nyquist criterion [Goldman, 1953] , substantial spectral undersampling occurs in band 1 and in the spectral region of 325-342 nm (band 2) because the spectral sampling rate for GOME is $0.11 nm/pixel while the spectral resolution is 0.10-0.20 nm (Figure 2) . Chance [1998] developed an undersampling correction technique using the high-resolution solar reference spectrum to compensate for more than 90% of systematic fitting residuals in GOME BrO fitting. In our ozone profile retrieval, we perform a similar undersampling correction except that we use variable slit widths. With this correction, the fitting residual is reduced by $30%.
[15] GOME has degraded over time. Although a degradation correction is applied in the standard GDP extraction software, it is assumed that radiance and irradiance spectra degrade in the same way. van der A et al. [2002] found the solar radiances degrade differently from irradiances, especially in band 1 since 1998. Without degradation correction after 1998, the retrieval can be significantly affected or even cannot proceed [van der A et al., 2002; Latter et al., 2003] . After examining the derived wavelength-dependent degradation in the normalized radiances [van der A et al., 2002; Latter et al., 2003] , we find the degradation mainly occurs in band 1 and the degradation curves can be approximated by polynomials. In our retrieval, a wavelength dependent correction (2nd-order polynomial) is simultaneously fitted to the normalized radiances only in band 1. The TO information from band 2, which is subject to less degradation, implicitly constrains the height-resolved information from band 1.
[16] Over South America and the South Atlantic ($0°-45°S, 0°-75°W), GOME measurements are affected by the South Atlantic Anomaly (SAA); high-energy protons trapped inside the Earth's inner van Allen radiation belt impact the GOME detectors, leading to large data spikes especially in band 1 where the signal is low. The effect can be so severe that retrievals cannot proceed [Siddans, 2003] . Based on the fact that the ratio of radiances between adjacent pixels only slightly changes with ozone profile and band 2 measurements are less affected by SAA due to the stronger signal level, we assume the average of the first 10 band-2 pixels are correct. In the 2nd-4th iterations of the retrievals, we adjust the intensity of the longest band-1 pixel by matching the measured ratio of the average of the first 10 band-2 pixels to that pixel with the corresponding simulated ratio. Intensities of shorter band-1 spectral pixels are successively adjusted using the simulated ratios between adjacent pixels.
[17] Ozone absorption structures in band 1 are broad compared to those in the Huggins bands and the retrieval is not very sensitive to the spectral resolution of the measurements. Following the approach of Siddans [2003], we co-add 5 adjacent spectral pixels with a step size of 2 spectral pixels for band-1 measurements. This co-adding not only significantly speeds up the retrieval but also reduces fitting residuals by 10-20%.
Forward Model and Its Inputs
[18] We use the Linearized Discrete Ordinate Radiative Transfer model (LIDORT) as the forward model to simulate radiances and weighting functions . The version of LIDORT used here implements the pseudospherical approximation [Spurr, 2002] for the direct-beam attenuation, which enables the backscattered radiances to be accurately obtained for a range of Solar Zenith Angles (SZAs) up to 90°within 0.3% in the nadir direction [Caudill et al., 1997; Spurr, 2002] . For the large GOME pixel used in the retrieval, the average view angle is $20°and the error is <1% for an SZA of 85°. The version of LIDORT used here is scalar (no polarization). The neglect of polarization can cause errors up to 10% in the backscattered radiances in a Rayleigh atmosphere [Mishchenko et al., 1994] . This error is corrected using a pre-calculated look-up table of scalar errors as functions of wavelength, TO, surface albedo and pressure, and viewing geometry (R. F. van Oss, personal communication, 2003) . Six streams are used in the calculation. van Oss and Spurr [2002] found that radiances and weighting functions are normally accurate within 0.65% and 2%, respectively when using six streams.
[19] The Ring effect can be treated by convolving the Fraunhofer spectra and trace gas cross sections with rotational Raman cross sections [Chance and Spurr, 1997] . This approach may be inadequate to account for the dependence of Ring effect on factors such as the ozone profiles and the SZA because the optical thickness of the atmosphere due to ozone absorption changes by several orders of magnitude in the wavelength range used in retrievals. Instead, the Ring spectrum is obtained directly by modeling the first-order RRS of the direct beam [Sioris and Evans, 2000] for the same atmosphere used in the retrieval, accounting for the RRS dependence on viewing geometry, atmospheric ozone and temperature profiles. The Ring spectrum is only updated in the retrieval iteration when TO changes by !20 DU. Because multiple scattering is not considered in this Ring model, a scaling parameter is fitted in the retrieval for band 1; 2nd-order polynomial scaling parameters are fitted in band 2 to account for larger variation in multiple scattering effects. We use the actual GOME solar irradiances instead of the high-resolution reference spectrum because using the former reduces the fitting residuals by $5 -10%. This Ring model reduces the fitting residual by 15 -25% compared to using the simple Fraunhofer approach.
[20] We treat clouds as Lambertian reflecting surfaces. Partial clouds are treated using the Independent Pixel Approximation (IPA) by assuming a cloud reflectivity of 80%. In the IPA, we need to know the cloud-top pressure and cloud fraction to model the clouds. We use the cloudtop pressure from the GOME Cloud Retrieval Algorithm (GOMECAT) [Kurosu et al., 1998 ]. The initial surface albedo is based on the GOME surface albedo database of Koelemeijer et al. [2003] ; cloud fraction is then derived from measured GOME reflectance at 368-372 nm, where atmospheric absorption is minimal, and then is fixed in the remaining steps. For full cloudy scenes, the cloud surface albedo is allowed to vary, but for partially cloudy scenes, the cloud reflectivity is taken to be fixed at 80%. In the retrieval, surface albedos are varied. A wavelengthindependent surface albedo is used for band 1 and a wavelength-dependent surface albedo (i.e., 2nd-order polynomial) is used for band 2. To reduce aerosol effects on retrieval, we use monthly mean SAGE-II stratospheric background aerosols [Bauman et al., 2003] and tropospheric aerosols based on monthly-mean mass fields from the Global Ozone Chemistry Aerosol Radiation and Transport (GOCART) model [Chin et al., 2002] as described in Martin et al. [2003] . In addition, the wavelength-dependent surface albedo can account for some residual aerosol effects. We use daily surface pressure from National Centers for Environmental Prediction (NCEP) reanalysis data (http:// www.cdc.noaa.gov) and daily European Center for MediumRange Weather Forecasts (ECMWF) temperature profiles (http://www.ecmwf.int). Ozone is the only trace gas treated in the optical property input to LIDORT. We fit the cross sections of NO 2 [Vandaele et al., 2003] , SO 2 [Bogumil et al., 2003] , and BrO [Wilmouth et al., 1999] to the normalized radiances with scaling and shift parameters.
[21] The quality of ozone and Rayleigh cross sections directly affects the retrieval accuracy. We use the ozone absorption cross sections by Brion et al. [1993] because they have more accurate wavelength calibration [Orphal, 2003] and the fitting residuals are reduced by 10-20% compared to using Bass-Paur (BP) cross sections [Bass and Paur, 1985] and GOME flight-model cross sections . The Rayleigh cross sections are from Bodhaine et al. [1999] and are accurate to better than 0.002% over the range 250-550 nm. The depolarization factors accounting for molecular anisotropy are taken from Bates [1984] .
[22] GOME provides viewing geometries at three points, the west edge, middle, and east edge of a ground pixel. We calculate the effective View Zenith Angle (VZA) and SZA by integrating and averaging the path lengths from west edge to east edge and calculate the effective Azimuth Angle (AZA) by averaging the AZAs at west and east edges. For the large pixels used for ozone profile retrieval, the effective VZA is usually $20°and the AZA is near 90°.
[23] Weighting functions with respect to ozone profile elements and wavelength-independent albedo are directly calculated with LIDORT. Weighting functions for ozone cross section shift parameters and high-order albedo parameters are derived from those calculated weighting functions. For all the other auxiliary parameters, we calculate weighting functions with the finite difference approach.
Retrieval Scheme
[24] The fitting windows in our retrievals are 289-307 nm and 326-339 nm (Figure 2 ). Although measurements below 289 nm provide height-resolved information at high altitudes, we exclude them because of large measurements errors, NO g band emission lines, and more severe instrument degradation [Hoogen et al., 1999] . Including band-1b measurements in 307 -314 nm and band-2 measurements in 313 -326 nm should increase the tropospheric ozone information. However, we found that including those measurements lead to much worse comparisons with respect to collocated ozonesonde TCO. The reasons for worse retrievals with more measurements are likely the large variation in wavelength shifts and slit widths for these measurements ( Figure 2 ) and inconsistent intensity calibrations between these measurements and the ones used in the retrieval.
[25] Partial column ozone is retrieved on an 11-layer Umkehr or SBUV-like grid due to the limited vertical resolution from nadir-view observations. Each layer is approximately 5-km thick except for the top layer, which is $10-km thick. In addition, tropospheric layers are modified using tropopause and surface pressure so that tropopause is one of the retrieval levels. We use daily tropopause pressure from NCEP reanalysis data to separate the stratosphere from the troposphere. There are usually two or three layers in the troposphere. Tropospheric and stratospheric column ozone can be easily integrated from retrieved ozone profiles. In forward calculations, we can split each layer to a selected number of sub-layers and insert a layer for cloud top to improve the accuracy of forward modeling. Typically, we perform the radiative transfer calculation on a 23-layer atmosphere; using more layers only slightly changes the retrieved profiles, as shown in section 3.6.
[26] The measurement vector Y in our algorithm is the logarithm of the corrected sun-normalized radiance spectra (ignoring wavelength calibrations):
where I meas is the extracted GOME radiance; F meas is the extracted GOME irradiance; F us,j are the undersampling correction spectra and a us,j are the corresponding scaling parameters; a deg,total is the degradation polynomial. The simulated normalized radiance R is the LIDORT-calculated radiance (R LIDORT ) with additional correction:
where R polcorr is the correction in radiance due to neglecting polarization; F ring is the Ring spectrum and a ring,j are the corresponding Ring scaling parameters; F tr,j are the cross sections for minor trace gases and a tr,j are the corresponding scaling parameters. The state vector consists of 47 parameters including 11 elements for the 11 layers of column ozone. It also includes one albedo parameter for band 1, three albedo parameters for band 2, four cross section shift parameters for each band, four radiance/irradiance wavelength shift parameters for each band, one scaling and wavelength shift parameters for each minor species, two parameters for undersampling correction, one Ring scaling parameter for band 1 and three parameters for band 2, three degradation correction parameters in band 1, and one parameter to account for residual dark current.
[27] We use the estimated random-noise errors provided in GOME data as measurement errors. The a priori information is from the TOMS V8 climatology [McPeters et al., 2003 ]. This climatology, derived from 15 years of SAGE, Microwave Limb Sounder (MLS), and ozonesonde observations, provides ozone-mixing ratios and their Standard Deviations (SDs) at 61 levels from 0 to 60 km for each month and each 10°-latitude band. A correlation length of six km is used in the construction of the a priori covariance matrix. The a priori error for zero-order albedo is assumed to be 0.04. A priori errors for other parameters are assumed to be five times of the average retrieved values; they are assumed uncorrelated with each other and also uncorrelated with any of the ozone profile elements.
[28] Retrievals are defined to converge when the change in retrieved ozone at each layer is less than 1% or the relative change in c 2 is less than 1%. When an orbit of data is processed at a time and the retrieval of one pixel is used as the initial guess of the next pixel, most retrievals converge in 2 -3 iterations. It takes about $70 minutes to process one orbit of GOME data on a 2.0-GHz processor. This algorithm would be able to process the GOME (or GOME-2) data operationally with modest computer resources. With all of the above calibrations and improvements in radiative transfer simulations, the average RootMean-Square (RMS) of the fitting residuals is reduced to $0.30%. For the Huggins bands, the average RMS is reduced to $0.17%.
[29] In our algorithm, the ghost column (i.e., column ozone below clouds) is implicitly handled through the ozone weighting functions and smoothing from above clouds. Under overcast conditions, weighting functions for ozone below cloud are zero, so ozone below clouds in the retrieved ozone profile is updated through only smoothing. If the scene is partially cloudy, weighting functions for ozone below clouds are those for the clear-sky part multiplied by clear-sky fraction, and ozone below clouds is updated according to the weighting functions as well as smoothing as the retrieval process proceeds.
Retrieval Characterization
[30] The Averaging Kernels (AKs), defined as the sensitivity of the retrieved stateX to the true state X, contain very useful information to characterize the retrieval [Rodgers, 2000] :
whereŜ is the solution error covariance matrix. Other useful characterization tools can be derived from AKs. The sum of diagonal elements of the AK matrix is called the ''Degrees of Freedom for Signal (DFS)'', which describes the number of independent pieces of information available from measurements; each diagonal element indicates the DFS at an individual retrieval layer. The Full Width at Half Maximum (FWHM) of averaging kernels generally indicates the Vertical Resolution (VR). A row of AKs at a given layer indicates the sensitivity of retrieved ozone at that layer to changes in ozone at all the layers. Because only the differences between true and a priori values contribute to the retrieval at a certain layer, we need to weight the contributions from all the layers by those differences, which can be represented by the a priori SD. Then the a priori influence f a,i at a layer i can be defined as one minus the contributions from all the layers weighted by a priori SD e a,i at all the layers:
where n is the number of retrieval layers. An f a,i value close to 0 (1) indicates that the retrieval information at that layer mainly comes from the measurements (the a priori), respectively. The retrieval efficiency h r,i , a measure of the retrievable fraction of the partial column ozone in layer i that deviates from the a priori [Hudson et al., 1995] can be derived as follows:
because a column of AKs at a given layer gives the column ozone response in all layers to a unit perturbation at that layer. We propose similar concepts to characterize the retrieved TCO. The tropospheric DFS is the sum of DFS at all tropospheric layers. Since we know from equation (6) the a priori influence for each tropospheric layer, the a priori influence in the retrieved TCO (f ta ) can be derived by averaging f a,i in tropospheric layers weighted by their ozone variability:
where n t is the number of tropospheric layers. In this defined f ta , the smoothing from the stratosphere to the troposphere is not considered as a priori influence. To quantify the contribution that does not come from actual tropospheric ozone (f tat ), f a,i in equation (8) can be replaced by the a priori influence in the troposphere (f at,i ), which can be derived from (6), except replacing n with n t . The retrieval efficiency for TCO (h tr ) can be derived as:
Similarly, h tr in equation (9) gives the fraction of TCO that can be retrieved in the TO instead of TCO. To describe the fraction of the true TCO actually retrieved as TCO (h trt ), h r,i in equation (9) can be replaced by the retrieval efficiency in TCO (h rt,i ), which can in turn be derived from (7) except replacing n with n t . After transformation, f tat and h trt are actually complementary, i.e., f tat = 1 À h trt . The major assumption in the above derivation is that the climatological mean and SD reflect the true statistics.
[31] Figure 3 shows three examples of retrieval AKs under nearly clear conditions, representing high-latitude, midlatitude, and low-latitude conditions, respectively. For all the cases, the AKs for the top few layers show broad peaks and the peaks are dislocated downward. This occurs because we do not use measurements below 289 nm, which would provide more height-resolved information at those altitudes. For the high-latitude case (Figure 3a) , the vertical distribution of ozone is best resolved over the altitude range of $10 -37 km; the peak altitudes of AKs agree well with the nominal altitudes and the VRs are within 7 -12 km. Because of limited photon penetration in the lower troposphere at larger SZAs, the peak altitudes near the surface are dislocated upward and the retrievals are more sensitive to ozone at higher altitudes. The AKs for the midlatitude case (Figure 3b ) are similar except that the altitude range that is well resolved extends downward to $7 km because of increased photon penetration. For the tropical case (Figure 3c ), the ozone profile is best resolved over 20-38 km with VRs of 8 -12 km. There is much stronger sensitivity to ozone near the surface and the peak altitude of the bottom layer is not dislocated. However, we can see the VRs are poor over 6 -20 km and the peak altitudes are dislocated upward for layer 4 and downward for layers 2 and 3. This is partly because we do not use measurements in the range of 307 -325 nm, which would provide more height-resolved information for those altitude ranges under high-sun conditions.
[32] Table 2 summarizes the average retrieval characterizations at each layer for three latitude bands: tropics, midlatitudes, and high latitudes. The DFS of the top five layers are similar for these latitude bands. The DFS usually increase with latitude over $10-20 km but decease with latitude near the surface. The a priori influence f a,i is usually close to 0 except for the top and bottom layers; the retrieved ozone near the surface is subject more to a priori influence at higher latitudes. The h r,i in TO is about 1 over $10-60 km, so ozone at this altitude range is well retrieved in the TO. At layers 2 and 3 in the tropics and layer 2 in the midlatitudes, the h r,i is slightly larger than 1 because h r,i increases above clouds [Hudson et al., 1995] . The peak altitudes of AKs are displaced downward for the top two layers. There are also significant displacements (i.e., >2 km) over 5 -20 km in the tropics and over 0 -10 km at higher latitudes. The VRs are usually within 7 -14 km for altitudes with small vertical displacements (i.e., 20-45 km in the tropics, 5 -45 km in the midlatitudes, and 10-50 km in the high latitudes).
[33] Figure 4 shows the average DFS in TO, Stratospheric Column Ozone (SCO), and TCO for all the ozonesonde stations used as a function of latitude. Both total (4.5 -5.5) and stratospheric (3.5 -4.5) DFS increase with latitudes. The tropospheric DFS vary from $0.5 at higher latitudes to $1.2 in the tropics. Figure 4 also shows the f ta , h tr , and f tat (i.e., 1 À h trt ) as a function of latitude. The average f ta increases with latitude and is usually <30%. The a priori influence that does not come from the troposphere (f tat ) is smaller than f ta and shows large latitudinal variation, from $15% in the tropics to $50% at high latitudes. h tr is close to 1 in the tropics and decreases to $0.9 at higher latitudes. All the above parameters show higher variability at higher latitudes primarily following the SZA variation.
Error Analysis
[34] According to Rodgers [2000] , errors in the retrievals result from four sources: measurement errors, smoothing errors due to the limited VR of the retrieval, forward model parameter errors, and forward model errors. Measurement errors include both random noise errors and systematic measurement errors. Of these errors, the retrieval noise error E r (i.e., precision) and smoothing error E s are directly estimated in the retrieval according to the formulation in Rodgers [2000] . The Root Sum Square (RSS) of E r and E s is the solution errorÊ (i.e., the square root of diagonal elementsŜ in equation (5)).
[35] Figures 5a, 5c, and 5e show the mean absolute e r , e s , E, and e a (a priori standard deviation) for the tropics, midlatitudes, and high latitudes, respectively. The absolute retrieval errors are smallest in the tropics. In most cases, the smoothing error component is the largest contribution to the solution error. The precisions are usually <2 DU and the solution errors are usually <5 DU. Figures 5b, 5d , and 5f show corresponding relative retrieval errors. The relative errors have similar magnitudes at different latitudes. The precisions are 2 -8% in the stratosphere and are within 12% in the troposphere. The solution errors are usually within 10% between 20-40 km and increase to $15% at higher altitudes and to $30% at lower altitudes. The solution errors are much smaller than the a priori errors except for the top and bottom layers.
[36] The errors in the TO, SCO, and TCO can be derived from error covariance matrices by adding the errors at each layer and removing correlated errors within the (DFS) in the whole atmosphere, stratosphere, and troposphere, tropospheric a priori fraction not from the measurements (f ta ), tropospheric retrieval efficiency in total ozone (h tr ), and tropospheric a priori fraction not from the troposphere (f tat ) for all the retrievals at each ozonesonde station. The axis is on the left for DFS and on the right for the others. For clarity, f ta and h tr are shifted to the left by 0.5°in latitude and f tat is shifted to the right by 0.5°in latitude. corresponding altitude ranges. Figure 6 shows both absolute ( Figure 6a ) and relative (Figure 6b ) E r andÊ and the 1s at all the stations as a function of latitude. The precisions and solution errors in TO are usually within 2 DU (0.5%) and 3 DU (1.0%), respectively. For SCO, the precisions are generally within 2 DU (1%) and the solution errors usually range from 2 DU (1%) in the tropics to 5 DU (2%) at high latitudes. The errors in TCO are larger than those of TO and SCO. The precisions in TCO are usually within 1.5 DU (6%) in the tropics and within 3 DU (12%) at higher latitudes. The solution errors are usually within 3 DU (12%) in the tropics and within 6 DU (25%) at higher latitudes.
[37] To estimate forward model errors, forward model parameter errors, and systematic measurement errors, we perform sensitivity tests for 10 representative scenarios (Table 3) . These scenarios are selected from actual GOME data so that we can perform error assessment using the retrieval algorithm. For each source of error, we perform retrievals with the perturbed measurements or forward model parameters or by changing model options. The differences between these perturbed retrievals and the standard retrievals isolate the retrieval errors due to an individual source. We then get the RMS errors of these 10 scenarios. Table 4 summarizes the mean retrieval errors at each layer and also in TO, TCO, and SCO from different sources along with the precisions, smoothing errors, solution errors, and a priori errors.
[38] In addition to the random-noise measurement errors considered in the retrievals, we examine four measurement errors (Table 4) . GOME is a polarization sensitive instrument and the radiometric calibration requires the polarization of the incoming light. However, the standard polarization correction in GDP v2.0 using measured broadband polarization introduces radiance errors of up to 10% [Schutgens and Stammes, 2003 ]. Schutgens and Stammes [2003] developed an improved polarization correction to reduce the radiance errors to <3% in the UV. This algorithm is implemented in the GOMECAL software (http:// www.knmi.nl/gome_fd/gomecal). We compare the retrievals with and without this improved polarization correction to represent the retrieval errors due to inadequate instrumental polarization correction. From Table 4 , the retrieval errors due to these error sources are insignificant compared to the smoothing errors and precision, <5% for individual layers, <2.5% for TCO, and 0.3% for SCO and TO.
[39] We assess six systematic forward model errors (Table 4 ). The corresponding retrieval errors are also insignificant relative to precision and smoothing errors, <5% for individual layers, <4% for TCO, and 0.4% for TO and SCO. van Oss et al. [2001] found the scalar approximation can introduce retrieval errors of 10-18% in the troposphere, but these errors are reduced to <3% at all layers after the radiance polarization correction. The much smaller improvement in our algorithm is probably because we do not use the measurements between 307 and 325 nm where radiance errors due to the scalar approximation show large variation, and our algorithm can partly correct the broadly-structured part of the radiance errors through the wavelength-dependent albedo.
[40] We examine 12 forward model parameter errors (3 random and 9 systematic, Table 4 ). The most significant random error is the precision in ozone cross section; an error of only 0.2% random error leads to $6% retrieval errors for individual tropospheric layers, 5% for TCO, and 0.6% for SCO. The significant sources of systematic errors for tropospheric ozone are the 20-mb error in tropopause pressure, the 3 K temperature error at all layers, and the 100-mb error in cloud-top pressure. They lead to 5 -8% errors in TO and 3 -11% at individual tropospheric layers. For TO and SCO, the significant sources of systematic errors are the 1% error in ozone cross section, the 20-mb error in tropopause (only for SCO), the 100-mb error in The solar zenith angle (q 0 ), surface albedo (a s ), aerosol optical thickness at 340 nm (t t ) and average aerosol single scattering albedo (w a ) in the troposphere, aerosol optical thickness in the stratosphere (t s ), cloud fraction (f c ), and cloud-top pressure (p c , hPa) are shown for each case.
cloud-top pressure, and the 3-K error in temperature, which introduce up to $1% retrieval errors. van Oss et al. [2001] analyzed the errors due to aerosols and found 20% uncertainty in aerosol optical thickness introduces $3% error in tropospheric ozone, larger than those we estimated if scaled to 100% uncertainty. This is mainly because we use a wavelength dependent albedo, which partly takes the effect of aerosols into account. We compare the retrieved TCO without and with aerosols as a function of tropospheric aerosol optical depth t (0.05 -0.95) and single scattering albedo w (0.75 -0.90) at 340 nm for one orbit of GOME data. The differences are within 4 DU and the mean difference is À0.14 ± 1.1 (1s) DU; it does not show much dependence on w and only shows slight dependence on t. The effects on TO are similar and the mean difference is À0.38±0.96 DU. Thus the aerosol effect in our algorithm is much smaller than that in the TOMS version 7 TO algorithm, in which errors of up to 10% in TO occur under high loading of UV-absorbing aerosols [Torres and Bhartia, 1999] .
[41] The RSS of the above errors are much larger than the precisions, but smaller than smoothing errors in the troposphere (Table 4 ). The accuracy, defined as the RSS of all the errors including smoothing and random-noise errors, is 20-30% in the bottom three layers and 5 -13% for upper layers. The errors in TCO, SCO, and TO are $21%, 2.3%, and 1.6%, respectively. Compared to the a priori errors, the total errors are significantly reduced between layers 2 and 10. Note the above error assessment should be considered as a subset of sensitivity studies rather than a complete accuracy assessment because some errors are rather difficult to estimate (e.g., errors due to the assumption of homogeneous Lambertian clouds and the assumption of a homogeneous atmosphere and surface for a 960 Â 80 km 2 area). We compare with correlative measurements in section 5 to better assess the accuracy of our retrievals.
Examples of GOME Retrievals
[42] Figure 7 shows an example of retrieved profiles of partial column ozone for the orbit 71022024 on 22 October 1997. Partial column ozone peaks at $24 km in the tropics and at 16-22 km at higher latitudes, generally following the change in tropopause height. Inside the polar vortex region (80°-70°S), we can see substantial thinning of stratospheric ozone layer due to chemical depletion at altitude range 16- These errors are RMS-averaged over the ten scenarios listed in Table 3 . The errors are estimated by comparing the differences between the base case and the case with the tropopause pressure increased by 50 hPa. Because of the retrieval grid change, errors are reported only for TO. The errors are estimated by comparing the differences in TCO and SCO between ±10 hPa tropopause pressure from the base case. The sum does not include the error due to radiance polarization correction since it is included in the algorithm.
35 km, with the smallest TO $120 DU. Outside the polar vortex region (40°-60°S), partial column ozone of 90-100 DU occurs at $20 km layer with TO values of $350 DU. Between 60°-70°S, the stratospheric ozone layer gradually becomes thinner and the TO smoothly decreases from 350 DU to 150 DU. There is enhanced tropospheric ozone near the surface over the Southern India Ocean (25°-30°S, 102°-104°E) with TCO values of 45-60 DU, and over Indonesia (5°-15°S, 106-109°E) with TCO values of 42-50 DU. The high amount of tropospheric ozone over the Southern India Ocean is due to the strong biomass burning activities during August -October in the southern hemisphere. The enhanced ozone over Indonesia is due to the 1997 -1998 El Niño event, which led to intense biomass burning and changed meteorological conditions [Thompson et al., 2001; Chandra et al., 2002] . Between 25°S-50°N, the ozone in the middle and upper troposphere is relatively low compared to that in the lower troposphere.
[43] Figure 1 shows a three-day composite global map of TCO on 22-24 October 1997 (global coverage in three days near the equator). High amounts of TCO ($40-60 DU) occur at southern midlatitudes (35°-20°S), over the South Atlantic Ocean and South America (40°S-0°S), consistent with the results of Chandra et al. [2003] and ozonesonde observations at Easter Island, Irene, and La Réunion during this month (results not shown). There are also enhanced TCO amounts of $40-50 DU over Indonesia due to the 1997 -1998 El Niño event [Thompson et al., 2001; Chandra et al., 2002] . High TCO values of $30-45 DU also occur at northern midlatitudes (25°N-40°N) and high latitudes. Low TCO values of <21 DU occur over the tropical central and eastern Pacific (5°S-20°N) and at the southern high latitudes (85°-50°S). The validation of TCO spatial morphology is beyond the scope of this paper and will be presented in a following paper by comparing with the results of a global tropospheric chemical transport model and other satellite methods.
Validation and Discussion
Introduction to Validation
[44] In this section, GOME retrievals are validated against other correlative ozone measurements. To reduce the cloud influence, we only use retrievals with cloud fraction <0.8, which removes $10% of the retrievals. Using a smaller threshold of cloud fraction (e.g., 0.6) gives a slightly worse comparison because of fewer coincidences. For comparisons with TOMS, all gridded TOMS data ($10-20 points) within a GOME footprint are averaged to make the spatial domain approximately the same. The maximum time difference is $1 hour. The criteria for comparison with DB and ozonesonde measurements are within: (1) 8 hours, (2) ±1.5°latitude, and (3) 600 km in longitude except at Kaashidhoo, Paramaribo, Kuala Lumpur, and Irene, where the longitude collocation criterion is relaxed to 12°to obtain enough collocations. To reduce the biases due to different surface altitudes, GOME retrievals are adjusted to the same surface altitudes of WOUDC stations. The criteria for comparison with SAGE-II data are within: (1) the same day, (2) ±1.5°latitude, and (3) ±5°l ongitude. We first integrate SAGE-II profiles to sub-columns according to GOME retrieval altitude grids and then apply the GOME retrieval AKs to degrade SAGE-II profiles to the GOME vertical resolution. During all the comparisons, we remove outliers which are defined to be outside 3s of the mean difference for each station. The total numbers of collocations are 4711, 1871, 1989, and 10692 for comparing with TOMS, DB, ozonesonde TCO, and SAGE-II profiles, respectively (Table 1) . Table 5 summarizes the Mean Bias (MB), 1s, and correlation coefficients in TO and TCO between GOME/a priori and correlative measurements.
Intercomparison of Total Column Ozone (TO)
[45] Figure 8 (left) compares the times series of a priori, retrieved, DB and TOMS TO at selected ozonesonde stations and Figure 8 (right) shows the differences between retrievals and a priori, DB, and TOMS TO. GOME TO agrees very well with TOMS and DB measurements. The retrieved TO values are significantly improved over the a priori values as seen from the much less scattered differences ( Figure 8 ) and much better statistics (Table 5) between retrievals and other TO measurements than between retrievals and their a priori values. There is no clear time-dependent drift in the time series of the differences, suggesting that there is very little degradation in the spectral region of band 2 used during 1996 -1999. The MBs between retrieved and TOMS TO are mostly within 6 DU (<2%) except at a few high-latitude stations, Resolute, Macquarie Island, Marambio, and Neumayer, where the MBs are À10.2 DU (2.5%), À7.8 DU(À2.4%), À9.8 DU (À3.8%), and À6.3 DU(À2.5%), respectively. The SDs are less than 4 DU (1.5%) at stations between 30°S-30°N and typically less than 6.1 DU (2.4%) at higher latitudes except that the SD at Resolute is 8.7 DU (2.1%). The MBs between GOME and DB TO are mostly within 5 DU (1.5%) except at Resolute, Tateno, Valentia, and Macquarie Island, where the MBs are up to 12 DU (3.3%). However, at Valentia and Tateno, the GOME/TOMS bias is within 2 DU. The SDs range from 3 to 6 DU (<3%) in the tropics and from 8 to 16 DU (<5%) at higher latitudes, comparable to those between TOMS and DB TO (not shown in Table 5 ). Overall, the MBs between GOME and TOMS/DB TO are typically within the retrieval uncertainties of the various measurements.
[46] The spatiotemporal differences between GOME and correlative TO play a large role in leading to the differences between various measurements. Allen and Reck [1997] found significant daily fluctuations in TO due to planetaryand medium-scale waves; the RMS day-to-day differences are from 2 to 8 DU between ±25°and from 5 to 30 DU at midlatitudes. The larger SDs between GOME and TOMS/ DB TO at higher latitudes are consistent with the larger TO variability at higher latitudes and also larger retrieval uncertainties of various measurements. The larger SDs between GOME and DB than those between GOME and TOMS are due to the larger spatial domain difference (i.e., 960 Â 80 km 2 area versus point) and the larger temporal collocation criterion (i.e., <8 hours versus $1 hour).
[47] There is a small inter-hemispheric bias between GOME and TOMS TO but not between GOME and DB TO; this is likely from TOMS data. The average biases between GOME and TOMS TO at all the northern and southern hemispheric stations with DB measurements, are À0.4 DU and À4.0 DU, respectively. However, the corresponding biases between GOME and DB TO are À0.6 DU and À1.0 DU. Labow et al. [2004] also found this inter-hemispheric bias in the TOMS V8 data relative to DB measurements, with the EP-TOMS/DB bias higher by 1 -2% in the southern hemisphere than in the northern hemisphere.
[48] At Resolute, our retrievals are underestimated by 10-12 DU compared to both TOMS and DB measurements. We think that this underestimation is mainly caused by large variation in surface albedo with season and the difficulty in discriminating between clouds and snow/ice surface in the retrievals. We find large differences in surface albedo of up to 50% between TOMS [Herman and Celarier, 1997] and GOME [Koelemeijer et al., 2003] databases at polar regions, supporting that large errors of surface albedo exist.
Intercomparison of Tropospheric Column Ozone and Tropopause Pressure
[49] Figure 9 (left) compares the time series of a priori, retrieved, and ozonesonde TCO at 7 selected stations, arranged by latitudes. Figure 9 (right) shows corresponding differences of GOME retrievals and a priori relative to ozonesonde TCO. Our retrieved TCO agrees well with ozonesonde measurements at most of the stations and captures most of the temporal variability in ozonesonde TCO. The retrievals agree much better with the ozonesonde measurements than do the a priori values during certain periods at some stations. For example, at the most northern station, Resolute, GOME retrievals agree very well with ozonesonde TCO during the middle of 1997 even though the a priori TCO values are usually higher by 5 -15 DU (Figure 9a ). The retrieved TCO at Boulder around April of 1996 and 1997 compares better with ozonesonde TCO by up to $10-15 DU than the a priori values (Figure 9b ). At Hilo during the middle of 1997, the ozonesonde TCO varies from $60 DU to 15 DU; our retrievals agree with the ozonesondes, although the a priori TCO values are $25- 35 DU (Figure 9c) . Similarly, excellent agreement can be seen at American Samoa during the end of 1997 when the ozonesonde TCO varies from $15 DU to $50 DU (Figure 9f ). At Java (Figure 9d ), the a priori values are usually around 25-35 DU. However, our retrievals successfully capture the enhanced TCO (>50 DU) during the period of intense biomass burning resulting from the 1997 -1998 El Niño event [Thompson et al., 2001; Chandra et al., 2002] as well as some low TCO values (15) (16) (17) (18) (19) (20) . At Ascension Island (Figure 9e ), the retrievals significantly improve over the a priori values during the biomass burning season. The large improvement over the a priori values demonstrates that the retrieved TCO really comes from the GOME measurements. We can also see that retrieved TCO with our algorithm is hardly affected by the large instrument degradation after 1998.
[50] The retrievals improve over the a priori values at most of the stations either by reducing the MBs or SDs, or increasing the correlation, or both, except at a few highlatitude stations (Table 5) , where the tropospheric ozone information is relatively weak. The MBs between our retrieved and ozonesonde TCO are usually within 3.3 DU (<15%) except at Naha, Tahiti, and Neumayer, where the biases are 5.4 DU (17%), 5.1 DU (26%), and À4.0 DU (À17%), respectively (Table 5) . At Resolute, Kagoshima, Kuala Lumpur, San Cristobal, Ascension Island, and Easter Figure 8 . (left) Time series of retrieved (purple), a priori (yellow), ground-based (green), and TOMS (red) total column ozone at seven selected stations. (right) Time series of the differences of retrievals relative to a priori, ground-based, and TOMS total ozone (GOME-others).
Island, the larger a priori biases have been reduced by 4 -7 DU in the retrievals. The SDs of the biases range from 3.0 to 8 DU (12 -27%). As in the TO comparison, the spatiotemporal variability of TCO can significantly contribute to the observed differences between retrieved and ozonesonde TCO. Beekmann et al. [1994] estimated that the day-to-day variability of tropospheric ozone is $20% at the Observatoire de Haute Provence in southern France and the spatial variability of free tropospheric ozone is $20% in Western Europe. SHADOZ observations show that there is consid- Figure 9 . Similar to Figure 8 , but for comparisons of Tropospheric Column Ozone (TCO) (retrievals: purple; a priori: yellow; ozonesonde: green). (right) Differences between GOME/a priori and ozonesonde TCO. The error bars indicate the retrieval errors due to smoothing and instrumental random noise in TCO. erable spatiotemporal variability of tropospheric ozone in the tropics [Thompson et al., 2003b] .
[51] The retrieved TCO is still affected by the a priori, as shown in Figure 4 . For example, the large biases at Tahiti (Figure 9g ) are partly due to the fact that the a priori TCO values are too high by $10 DU on average, although some of the biases larger than 14 DU, which cannot be explained by the reduced retrieval sensitivity in the lower troposphere, might be caused by the spatiotemporal variation over this region since the GOME spatial resolution is 960 Â 80 km 2 .
[52] Because the tropopause location is an important source of error for TCO as shown in section 3.6, we evaluate the accuracy of NCEP tropopause with ozonesonde tropopause and assess its effect on TCO. Figure 10a shows both NCEP and ozonesonde tropopause pressure for all the stations and Figure 10b shows their MBs and SDs. We determine ozonesonde tropopause pressure from observed temperature profiles using the WMO definition [WMO, 1957] , similar to the NCEP tropopause determination (http://www.cdc.noaa.gov/PublicData/faq.html). The NCEP tropopause agrees well with ozonesonde tropopause at most of the stations. The MBs are usually <10 hPa except for a few stations near subtropical jet regions (e.g., Easter Island, Santa Cruz) and at high latitudes. The SDs are <15 hPa in the tropics (30°N-30°S) and are in the 17-50 hPa range in the extratropics. These SDs are comparable to the actual variability in tropopause pressure (error bars in Figure 10a ). Figure 10b also shows the ozonesonde TCO differences and SDs between using NCEP and ozonesonde tropopause. The mean differences are usually <1 DU at most of the stations and are up to 4 DU for those stations with large biases in tropopause. The SDs are <2 DU in the tropics and are usually <4 DU at midlatitudes and high latitudes except for two stations near subtropical jets regions and two southern polar stations. Overall, the NCEP tropopause well represents the actual thermal tropopause and the errors in TCO due to using NCEP tropopause are within the retrieval uncertainties of TCO at most of the stations. It should be noted that the thermal tropopause may not represent the real stratosphere/ troposphere boundary in the extratropics [Hoerling et al., 1991] . However, the errors in our TCO due to the tropopause can be readily corrected by performing interpolation from the retrieved vertical ozone profiles when a superior tropopause (e.g., dynamic tropopause) is available.
Intercomparison With SAGE-II Ozone Profiles
[53] Figure 11 shows the average differences (thick lines) and 1s spreads (thin lines) of our retrievals (solid lines) and . The left panels show the absolute mean bias (thick lines) and 1s spread (thin lines) between GOME (solid lines)/GOME a priori (dashed lines) and transformed SAGE-II retrievals at seven 20°-latitude bands in 70°N-70°S. The right panels show relative differences. The number of comparisons (N) is indicated for each latitude band. a priori (dashed lines) relative to SAGE-II measurements for the top eight layers ($15-60 km) at seven 20°-latitude bands. The two columns show the absolute and relative biases, respectively. There are systematic biases in our retrievals relative to SAGE-II measurements. The biases are similar at different latitudes, with usually negative biases of <5 DU (15%) for the top five layers and positive biases of <5 DU (15%) for the bottom two layers, although the magnitudes of the biases slightly vary with latitude. The SDs of the biases are within 10% for the top seven layers and within 15% for the bottom layer. The MBs are smaller between a priori and SAGE-II because the a priori values at those altitude ranges are mainly derived from SAGE-II measurements.
[54] Danilin et al. [2002] found that SAGE-II ozone is smaller than Improve Limb Atmospheric Spectrometer (ILAS), MLS, and Polar Ozone and Aerosol Measurement II (POAM-II) ozone by 2 -8% over altitude range 34-45 km. So GOME ozone is even smaller compared to other data over this altitude range. Wang et al. [2002] found that SAGE-II ozone is larger than ozonesonde ozone by <2% on average over 25-30 km, larger by up to 8% over 18-25 km, and within 10% over 15 -18 km. Borchi et al. [2005] showed that the SAGE ozone is higher by 2 -5% than SAOZ ozone over 19-30 km but smaller by up to 50% over 15 -19 km. The above intercomparisons indicate that some of the GOME/SAGE-II biases might arise from SAGE-II data especially below 30 km. However, the altitude-dependent systematic biases with respect to SAGE-II data and those biases of >10% suggest that systematic errors exist in GOME level-1 data. The negative biases at higher altitudes suggest positive errors in the normalized radiances near 290 nm and positive biases at lower latitudes suggest negative errors near 307 nm. We find that if we do not fit the degradation correction in the retrievals, there are negative biases of up to 30% at high altitudes, suggesting that there is a wavelength-dependent bias in the normalized radiances below 307 nm before applying the degradation correction. After applying the 2nd-order polynomial corrections, such measurement errors are greatly reduced, but there are still some residual measurement errors.
Summary
[55] We have developed an algorithm to retrieve ozone profiles including the troposphere from GOME measurements in ultraviolet (289-307 nm, 326-339 nm) using the optimal estimation technique. Tropospheric Column Ozone (TCO) is directly retrieved by using the known tropopause to define the stratosphere/troposphere boundary. With a particular focus on tropospheric ozone retrieval, we perform detailed wavelength and radiometric calibration. The Linearized Discrete Ordinate Radiative Transfer model (LIDORT) is used as the forward model. We further improve the forward modeling by treating the Ring effect directly and performing polarization correction to radiances. We also improve the forward model inputs of clouds, surface albedo and pressure, aerosols, and temperature profiles. The retrieved ozone profiles are best resolved over altitude range of 20 -40 km, with vertical resolution of 8 -12 km. Significant tropospheric ozone information can be derived from the measurements. The degrees of freedom for signal in the troposphere range from $1.2 in the tropics to $0.5 at high latitudes. The a priori influence in retrieved TCO ranges from $15% in the tropics to $50% at high latitudes. The total errors of the retrievals are estimated to be 20-30% in the troposphere and lower stratosphere and 5 -10% in the stratosphere. The globally-average total errors in the retrieved Total column Ozone (TO), Stratospheric Column Ozone (SCO), and TCO are estimated to be 1.6%, 2.3%, 21%, respectively. The dominant sources of errors are the smoothing, instrument random-noise, systematic temperature errors, and errors in cloud-top pressure. Tropopause pressure is also a significant source of error for TCO and SCO and ozone absorption cross section is an important source of error for TO and SCO.
[56] We have validated our retrievals against Dobson/ Brewer (DB), Earth-Probe Total Ozone Mapping Spectrometer (TOMS), ozonesonde, and Stratospheric Aerosols and Gas Experiment II (SAGE-II) measurements. The integrated Total column Ozone (TO) agrees with TOMS and DB TO to within retrieval uncertainty of the various techniques and spatiotemporal variability; the Mean Biases (MBs) are typically within 6 DU (2%) and the 1s-Standard Deviations (SDs) are within 3 -8 DU (<2.5%) versus TOMS and within 3-16 DU (<5%) versus DB. The retrieved TCO captures most of temporal variability in ozonesonde TCO at the majority of ozonesonde stations. The MBs and their SDs are within measurement uncertainties and the TCO variability; the MBs are typically <3 DU (15%) and the SDs are in the 3-8 DU (13 -27%) range. The comparison with SAGE-II profiles above $15 km shows MBs and SDs are usually within 15%.
[57] The systematic biases relative to SAGE-II indicate that there are some residual systematic errors in band 1 of GOME level-1 data after the degradation correction. The systematic errors in 313-325 nm are too large to improve the retrievals so that we exclude this region for the present retrievals. If measurements in this spectral region are well calibrated, the quality of the retrieved tropospheric ozone will be further improved. As measurements degrade with time and become noisier, additional degradation corrections will be necessary to keep the same retrieval quality for longer than 10-year GOME record.
[58] Our algorithm can be applied to other nadir-viewing satellite UV measurements, such as those from the GOME-2 instrument, the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY), the Ozone Monitoring Experiment (OMI), and the Ozone Mapping and Profiler Suite (OMPS). The performance, especially for tropospheric ozone, will vary depending on the quality of level-1 data and the spectral resolution.
